The use of microorganisms in the solution of biological and chemical problems was conceived and actually practised by Pasteur It has occurred to a number of investigators that new antiprotozoan agents could be discovered by seeking natural bacterial antagonists to protozoa.16' 30 They were able to determine the species of bacteria, and, in some cases, the particular products of these bacteria which could destroy protozoa. In most of these cases the pigments of chromogenic bacteria were effective, but so also were other substances including enzymes. Prodigiosin, the red dye of Serratia marcescens, was repeatedly involved in antiprotozoan activity. It was briefly tested and found somewhat effective against trypanosomes in vivo.14 The medical problems of the recent war focused attention on the fact that a reliable cure for malaria was not available.4 The chemotherapeutic approach to malaria had its inception in the first use of pure quinine about 1820. In 1871 Ehrlich noticed that methylene blue preferentially stained plasmodia in the blood stream at concentrations which left blood corpuscles and other tissues unstained. He soon
The use of microorganisms in the solution of biological and chemical problems was conceived and actually practised by Pasteur. His separation of the optical isomers of tartaric acid by utilizing knowlege of bacterial physiology showed the wide applicability of this concept. Recently Dubos induced living organisms to produce specific therapeutically effective enzymes for pneumococcal polysaccharides. He also used a bacterial system to solve a difficult chemical problem in the determination of creatinine. These successes led to the search for microbiological agents which could destroy pathogenic organisms. Gramicidin was thus discovered and gave impetus to subsequent work in antibiotics. Dubos early expressed the hope that in isolating biologically active substances from bacteria, an understanding of their chemical structure and mechanisms of action would provide a new basis for the rational development of therapeutic substances.1"
It has occurred to a number of investigators that new antiprotozoan agents could be discovered by seeking natural bacterial antagonists to protozoa.16' 30 They were able to determine the species of bacteria, and, in some cases, the particular products of these bacteria which could destroy protozoa. In most of these cases the pigments of chromogenic bacteria were effective, but so also were other substances including enzymes. Prodigiosin, the red dye of Serratia marcescens, was repeatedly involved in antiprotozoan activity. It was briefly tested and found somewhat effective against trypanosomes in vivo. 14 The medical problems of the recent war focused attention on the fact that a reliable cure for malaria was not available. 4 The chemotherapeutic approach to malaria had its inception in the first use of pure quinine about 1820. In 1871 Ehrlich noticed that methylene blue preferentially stained plasmodia in the blood stream at concentrations which left blood corpuscles and other tissues unstained. He soon * From the Department of Bacteriology, Yale University. The material presented here represents a portion of the data contained in a dissertation submitted on May 1, 1947 , to the faculty of the Graduate School of Yale University in candidacy for the degree of Doctor of Philosophy. demonstrated the in vivo effectiveness of the dye.13 From this knowledge, investigators at the I. G. Farben industries initiated their research on synthetic antimalarials. The first effective agent to emerge was plasmochin. Later the same group discovered atabrine. This was the status of antimalarial therapy at the beginning of 1940. War-sponsored research centered chiefly around quinoline and its analogs and brought forth several new and more effective drugs. 25 Another approach was proposed by Taliaferro and his group who demonstrated the effectiveness of tyrothricin against Plasmodium gallinaceum. 31 Unfortunately this drug has a poor therapeutic index and is exceedingly toxic when given systemically. Penicillin, streptomycin, and other antibiotics were tried by many investigators against various protozoa with almost uniformly negative results. In fact, penicillin has proved to be very helpful in the isolation of bacteria-free cultures of protozoa."9
The successful treatment of trypanosomiases with arsenic was known before the etiological agent was discovered by Bruce. Out of the vast amount of research that followed only two compounds have emerged to find widespread use, Bayer 205 and tryparsamide. The first is very effective in the early stages of T. gambiense infections but less so against T. rhodesiense.' Tryparsamide is more effective in advanced cases, but may cause optic neuritis and profound visual disturbances. The fact that certain strains of trypanosomes readily become arsenic-or antimony-fast complicates treatment of this disease. The aromatic diamidino compounds and Eagle's new arsenicals may provide the answer to that problem, but they introduce new toxicities. Wright concludes that further successes in developing more efficient compounds for prophylactic and curative use will result in great humanitarian benefits.35 Unlike African trypanosomiasis, there is no treatment of value for Chagas' disease. Bayer 7602 (Ac) is said to be somewhat effective but its curative value has been challenged. 2 Leishmaniasis is usually treated by pentavalent antimonials with excellent results. In cases resistant to antimony the diamidines prove effective; need for new treatments is not so great as it is in other protozoan diseases. 2 None of the amebocidal drugs may be regarded as truly specific, and there is no doubt of the need for better compounds. Emetine is effective in controlling the symptoms of acute dysentery and amebic' abscesses, but it will not actually cure intestinal infections and is, of course, very toxic and dangerous. Carbarsone, chiniofon, vioform and diodoquin are of definite value but frequently fail to effect permanent cures. 35 The remarkable properties of penicillin and of the newer antibiotics stimulated interest in the possibilities of similar specific, effective, and non-toxic agents for protozoan disease. The importance of the malaria problem, the poor qualities of the amebocides, the toxicity of the trypanocidal agents, the incurability of Chagas' disease all contribute to the interest and desirability of a study of antiprotozoan chemotherapeutic agents existing among antibiotics. Dubos' work showing the practicability of the "antibiotic" approach to problems of chemotherapeutics and the existence of natural antagonists to protozoa make the approach amenable to profitable study.
Analogs of a new, effective, chemically defined agent can be quantitatively tested to determine the nature and location of biologically active structures. The mode of action of more effective compounds can be a tool for the rational study of better therapeutic agents and for possible contribution to the knowledge of cytochemistry.
In the studies of natural protozoan antagonists three possible lines of approach were feasible. There are extracts of enzyme nature which are quite toxic to protozoa. 16 Obviously the structure of these can not be readily elucidated or studied. Two types of chemically defined antibiotics have the desired antiprotozoan activity. 30 One group has as its nucleus a form of the phenazine moiety. This is an interesting structure with many possibilities but it is closely related to the already extensively studied acridines. The second effective structure is that of prodigiosin, a tripyrrolemethene34 which proved somewhat effective in vivo. The apparently proved activity, the facility of its production, and the numerous possibilities of structural analogs prompted a preferential study of prodigiosin.
Oxygen analogs are readily available, usually soluble, and relatively non-toxic. Published results on the effectiveness of parasorbic acid on T. cruzi and of furacin on T. equiperdum made this direction worth following.
Lactones and their analogs are widely distributed in nature and are associated with a great variety of physiological phenomena. The intact lactone structure is essential to the myocardial effect of digitalis and the cardiotonic glycosides. Lichens, molds, and higher plants all have numerous representatives capable of producing lactones possessing decided antibacterial effects. One of these compounds, parasorbic acid, has a unique specificity for the mesenchymal tissues of higher animals.', 6, 7, 17 Six-membered monoheterocyclic rings with an oxygen atom are present in a large number of natural dyes, in vitamin E, in the hemorrhagic compound in clover, in fish poisons, in insecticides, and in numerous alkaloids. Their common occurrence in roots, stems, leaves, and flowers suggests a possible origin from sugars. The chemistry of these substances has been the subject of some famous investigations. 24 Synthetic analogs of some of these naturally occurring agents have the same types of activity as do their prototypes. The simple angelicalactones produce definite myocardial effects and can cause systolic standstill of the isolated frog heart. Ascorbic acid, a lactone, also has the cardiotonic properties of angelicalactones. Materials and methods The in vitro assay here used was modified from Yorke's original method.36 37 38 The strain of T. equiperdum was obtained from the National Institute of Health, Bethesda, Maryland. It was maintained in white mice by intraperitoneal inoculation of infected blood at frequent intervals. The inoculum was obtained from the tail of an infected mouse and was diluted in saline in such a manner that 0.5 ml. contained from 1,000 to 10,000 organisms. Mice so inoculated invariably died on the 4th or 5th day. At irregular intervals the strain was passed through guinea-pigs by intraperitoneal inoculation of about 10,000 organisms.
The culture medium was prepared long in advance of the experiment and tested for its ability to maintain growth for the desired interval before it was actually used to evaluate a group of drugs. Cultures for in vitro testing were prepared as late as possible, after all the agents had been diluted and dispensed into tubes. A mouse at the height of infection, 4 days after inoculation with about 10,000 organisms, was killed with chloroform, and blood, obtained from the heart with aseptic precautions, was diluted with an equal volume of sterile citrated (1 per cent) Ringer's glucose solution (as prepared above). After mixing thoroughly, 0.05 ml. were added per each 10 ml. of serum culture medium. (The citrated solution and the medium were carefully warmed to room temperature before use.) The culture so obtained was examined in a hemocytometer. A count of from 500 to 1500 trypanosomes per mm.3 was usual. If this range was missed, more of either trypanosome suspension or culture medium was added to give the desired count. Counts of the erythrocytes were also made and were usually found to be 10 to 20 times greater than the number of trypanosomes. Mixtures in which this ratio could not be achieved were discarded.
Exactly 0.1 ml. of each dilution of the drugs to be tested, made up in distilled water, was distributed into each of two series of sterile Wassermann tubes; 0.4 ml. of culture were then added and the mixture thoroughly shaken. Thus, a total volume of 0.5 ml. was used. In the case of two agents tested simultaneously, each agent was added in 0.1 ml. amounts and 0.8 ml. of culture completed the mixture.
Identical sets were incubated at 370 C. and at room temperature. After from 18 to 20 hours incubation, each tube was shaken and its contents examined microscopically for trypanosome content and for hemolysis. Control tubes containing nothing but culture were examined at the beginning and at the end of the reading period.
The agents to be tested were made up in one of three ways: Since survival times of mice in any group were not normally distributed (arithmetically), it was necessary to normalize the data by conversion to a logarithmic scale. The distribution of survival time was skewed in the same manner as has been described by Chen Bliss) .
Variation in treatment schedules was determined from the unpublished toxicity studies of N. J. Giarman on the pharmacology of these drugs. Acute toxicity was determined by inoculating small groups of mice with two-fold increasing concentrations of the drug. After an approximation of the toxicity had been made, much larger groups of mice were inoculated and the LD50 dose was determined by the method of maximum likelihood. The highest level at which no mice died was called the tolerated dose (T). In some cases the low order of toxicity precluded the determination of an accurate LD50 or "T." In these cases the largest amount of drug compatible with the maximum volume that can be given to a mouse was administered. In the cases of drugs which have very poor in vitro activity, no extensive toxicology was done; an approximate "T" was determined and used in the therapeutic testing. Prodigiosin hydrochloride was prepared in a manner modified from Wrede's technic. 34 Twenty-five grams of lyophilized S. marcescens dry mass were shaken in a separatory funnel with 25 ml. of 10 per cent NaOH. To the resulting suspension were added 250 ml. of 95 per cent ethanol and 250 ml. of petroleum ether. The entire system was shaken vigorously for 10 minutes and then allowed to stand for 2 hours. A two-phase distribution resulted; a lower, clear orange alcohol-NaOH layer and an upper red emulsion of petroleum ether, prodigiosin, and cell debris. The lower layer was discarded.
The murky upper layer was shaken 5 times with 50 ml. of petroleum ether. Each time a little ethanol was added to help break the emulsion. The combined ether extracts were concentrated to 50 ml. in vacuo and finally scrubbed with 5000 ml. distilled water in 3 portions, to remove all traces of alcohol.
The dry extract was filtered and then treated for one hour with dry HC1 gas to form the hydrochloride salt. After allowing the mixture to stand about 15 minutes, the solid was removed by suction filtration. The yield was about 2 gm.
This crude prodigiosin hydrochloride was dissolved in 100 ml. of 95 per cent ethanol with gentle warming. The undissolved portion was removed by filtration. An approximately equimolecular amount of 50 per cent aqueous dl-tartaric acid was slowly added to the solution. The tartrate separated out as large red knobby crystals, sintering at 175 0 C. and melting at 1800 -1820 C. The yield was about 1.8 gm.* Other agents were synthesized or extracted by members of the Chemistry and Pharmacology Departments of Yale University. Many of the chemicals were obtained from commercial chemical concerns and research laboratories. The source of each chemical substance used will be specified when the use of the material is described.
Experimentation and results
The relative activities of the compounds studied are summarized in table 1. Inhibition of trypanosomes and bacteria is recorded in terms of dilutions of the agent in water or in a hydro-alcohol mixture. The larger the dilution number, the more potent the inhibitor. All the zero values represent the lowest dilution which could be tested, the limiting factor usually being solubility or the alcohol control. Since most of the agents were made up in 95 per cent ethanol, the lowest dilution assayable was that equivalent to 0.5 per cent of the amount soluble in alcohol. At 370 C. more than 0.5 per cent alcohol was inhibitory. At 25°C. alcohol inhibited above the 2 per cent level. Opposite each zero value is the lowest dilution tested.
Antibacterial data are presented in the same way, indicating the lowest dilutions tested when no inhibitor level could be determined.
In all cases the figure given is the dilution at which less than 0.1 per cent of the normal growth is obtained. Lower dilutions always give less effect or absence of inhibition and hemolysis.
In the toxicity studies, accurate LD50's could be determined only when a large group of animals was used. In the cases where only a "T" value is given relatively few animals were used. "T" is the largest dose at which no animals died within 24 hours. It is no indication of delayed or cumulative toxicity. Indeed, in many cases prolonged observation of animals receiving some of the "T" doses showed definite signs of toxicity, as may be seen by the fact that some animals so treated died sooner than did the controls.
In the in vivo studies it was necessary to determine a satisfactory criterion of effectiveness. The pooled variance for all treatments included those from values strongly negative to controls. These showed clearly that the dose of drug was toxic. In almost all of such cases, the variance was significantly greater than elsewhere. It was evident that the measurement represented a bimodal distribution around an average toxicity superimposed on an average response to the trypanosome infection. Dr. C. I. Bliss advised removal of these variances from the pool since they did not measure the effect studied. When this was done, the pooled variance proved to be satisfactorily homogeneous with the pooled variance of the controls alone. The probability column represents a conservative estimate of the likelihood of the result occurring by chance. Any value of 0.05 or less can easily be considered significantly different from the control and highly unlikely to have appeared by chance.
For treatments giving complete cures no average death time could be computed. Since no control animal ever survived, the occurrence of cure is obvious evidence of significant effect.
It will be noted that similar differences do not always provide similar probabilities. The reason for this is found in the variation of the size of either the control or the treated group. Although 5 mice were usually used per group, larger numbers were sometimes tested when some evidence of in vivo effect appeared. In such cases a difference takes on more weight, as may be seen from the formula presented in the section on methods.
A number of tests on most of these agents against the influenza virus (PR-8) were perf6rmed. 29 The variances were so large that in only one case could a possible significant difference from controls be detected. Since the details of these experiments could not in any way indicate the relative antiviral activities of these agents, the data have been omitted. The Surface tension depression does not seen to be related to effectiveness in this group. The least effective of the A2-Y-lactone group depressed surface tension to a greater extent than did penicillic acid. However, between carolic and terrestric acids, which may be considered part of a homologous series, the one which was more surface active was also more effective, in spite of the fact that it is a branched chain compound, usually considered less active than straight chain homologs. Ascorbic acid, though effective, had no influence whatever on surface tension even at much higher concentrations than the usual 0.1 per cent at which all compounds were tested.
The two simple lactones having the basic A3-Y-lactone structure were relatively inactive against the protozoa. The dimethyl derivative of the basic 3-pentene-1,4-olid has about the same trypanocidal activity as does the parent compound, but all antibacterial activity disappears.
In this case it would seem that the activities against protozoa and bacteria are not inherent in identical portions of the molecule.
Lying astride the Y-lactone groups is the clavacin group. Clavacin itself, a A3 type, is by far the most active in vitro of all the Y-lactones. In vivo it is so toxic that an effective dose level can not be attained without killing the test animal. There is some indication, however, that with, carefully repeated administrations of small non-toxic doses, a significant in vivo effect may be achieved. Isoclavacin has the basic A2-Y-lactone structure and about 10 per cent of the trypanocidal activity of clavacin. The antibacterial effect is also smaller. It is interesting to note that while the action of clavacin is greater against the gram-positives The structural relationship between 3-and 2-pentene-1,4-olid on one hand, and between clavacin and isoclavacin on the other is so similar that comparisons are inevitable. In an extensive investigation of the antibacterial activities of these compounds5 it was shown that 3-pentene is usually somewhat more active. This was related to the superior antibacterial effect of clavacin with its double bond in the same position. It was found here that the antibacterial activities were of the same order, but of a somewhat variant nature. The difference between clavacin and isoclavacin is far more striking. The trypanocidal effect of the 2-pentene-1,4-olid is greater than that of the 3-pentene, reversing the bond activity relationships. The different order of change in antibacterial effect between the two sets, and the reversed nature of the trypanocidal activity would make it appear that the nature of clavacin's effect probably has little to do with the basic activity of the lactone group itself. This is further borne out by toxicity comparisons. While 2-pentene-1,4-olid is more than three times as toxic as 3-pentene, the toxicity relations between the clavacins are reversed with respect to the bond position.
It may be noteworthy that the difference of trypanocidal activity at 37 0 C. and at room temperature is about ten fold in the clavacin titration while the equivalent difference with isoclavacin is only four fold, reflecting the relative surface tension ratios. It is important, however, that at room temperature, clavacin, with no surface-depressing effect whatever, is still highly trypanocidal at a dilution of 1:1,000,000. This finding is at variance with theories holding that some surface effect is necessary before an agent can exert its characteristic biological effect.
Among the compounds having completely saturated lactone nuclei there is little trypanocidal activity. The most active of the group has a A'-cyclohexene substituent in the 4-position. Since this compound also has some effect against both gram-positive and gram-negative bacteria, it may be assumed that the substituent itself has conferred a type of activity not inherent in the lactone moiety itself. None of trypanosome-infected mice. Cured mice survived for over 6 months without any signs of recurrence of the disease. Some cured mice were sacrificed, their spleens were macerated and injected into other mice, but no infection developed. This can not be the result of a transfer of the drug itself since the effective dose of furacin has been carefully calculated and a mouse spleen could not possibly contain 10 per cent of the curative dose level. This drug has the further advantage of being so lacking in toxicity that no dose up to 2 grams per kilo of mouse proved toxic or lethal when administered subcutaneously. Three grams gave some signs of toxicity but no deaths. Three grams represented a dose exceeding 1 per cent of the body weight of the animal and is equivalent in man to about one pound at a single injection. The antibacterial activity of furacin, as described in the literature,9 was confirmed. Equally great effects are found against both gram-positive and gram-negative bacteria; but in keeping with the related compounds of the lactone series, the antiprotozoan effect is far greater.
Although furfuryl alcohol and furfural have only about 1 per cent of the in vitro trypanocidal activity of furacin, they also provided some permanent cures. The trypanocidal and surface tension properties of the two are very similar, the former effect being somewhat greater in furfural and the latter more pronounced in furfuryl alcohol. The antibacterial effects, however, are strikingly different; furfural is significantly more effective. This may also be an instance in which antiprotozoan and antibacterial activity are not related to the same portions of the chemical structure. In this group also, the weaker antibacterial compounds lose activity against the gram-positive organisms sooner than against gram-negatives.
Furoic acid is ten times as potent as furfural against trypanosomes in vitro yet no in vivo effectiveness could be demonstrated. This may be related to its greater toxicity, precluding any high dosage schedules. It might also be significant that its surface tension effect is markedly less than that of the other furans.
Methyl furan retains in vitro trypanocidal effect but has no detectable antibacterial effect. This again illustrates the deleterious effect of methyl substituents in these compounds and also the fact that antibacterial activity can be affected without changing trypanocidal potency.
Although the furans have some of the most pronounced surface tension lowering effects, they are singularly nonhemolytic. Here is an indication that something more than surface activity is involved in hemolysis. The measure of hemolysis probably reveals more about the inherent toxicity of those agents than is indicated by surface tension. Sorbic acid is more closely related structurally to coumalinic acid than to parasorbic acid, since it has a system of 3 conjugated double bonds. The rupture of the ring system, however, deprives it of almost all biological activity. It is only 3 per cent as trypanocidal as is coumalinic acid and 6 per cent as active as parasorbic acid.
The saturated closed ring system characterized by 1,5-hexanolid is even less active than sorbic acid. The level of trypanocidal activity in this group seems closely related to the degree of unsaturation when other characteristics are held constant.
Antibacterial activity in these compounds is low and difficult to compare because of different solubility characteristics at the high concentrations required for bacterial inhibition. No definite surface tension trend is apparent; the inactive 1,5-hexanolid is the most surface active of the group.
Coumarin and dicoumarin are lactones structurally related to this group. Because of solubility characteristics, no extensive studies could be made. No in vivo trypanocidal activity could be detected.
The complete inactivity of dihydropyran indicates the importance of the carbonyl group in lactones. It is interesting to note again that the high surface activity of dihydropyran provides neither trypanocidal nor hemolytic effect.
Kojic and meconic acids are related both to the lactones of this latter group and to the nonlactone portion of the clavacin moiety. They lack significant activity. If it is not the lactone portion of clavacin that confers activity on the whole structure, it is the relationship of that portion to the Y-pyrone portion that results in effectiveness since the Y-pyrone itself is quite ineffective. The greater effect of meconic acid may be related to its greater surface activity. Kojic acid is completely ineffectual in changing the surface tension of water.
It is possible to compare analogs in this series that are entirely analogous except for the size of the ring nucleus. 1,4-pentanolid and 1,5-hexanolid are similar except that the former has a 5-atom ring while the latter has a 6-atom ring. In an identical fashion, 2-pentene-1,4-olid is analogous with parasorbic acid. In both these comparisons the in vitro trypanocidal activity is far greater in the six-membered ring compound. In both cases the surface tension depressing effect is also greater in the six-membered ring analog. Both of the compounds having double bonds are, of course, far more active than their saturated analogs.
The nitrogen compounds studied were too few and too dissimilar to permit any extensive comparisons. Although prodigiosin does have in vitro trypanocidal activity, no in vivo effect was detected. The drug itself was so toxic and necrotizing that an extensive study seemed inadvisable. Some of the other agents studied were also effective in vitro but not in vivo. A more co-ordinated series of pyrrole derivatives could not be obtained.
Undoubtedly some, of the compounds which were effective in vitro would have appeared more active in vivo with more detailed study of dosage. In table 1 it will be noted that in vivo tests were repeated on many compounds with various dosing technics.
The most extensive study of the relation between the mode of drug administration and in vivo effectiveness was made with 2-pentene-1,4-olid (table 2). In this case the known variables definitely influenced its effectiveness. Although the route of administration made little difference in toxicity, it is readily evident that the intraperitoneal was more efficacious than the subcutaneous injection. When a 100 mg. per kg. dose was given once intraperitoneally a significant increase in survival time was consistently obtained; yet that dose given subcutaneously was ineffective. This difference is reasonable when it is considered that an intraperitoneal injection of such a small molecule is almost equivalent to an intravenous injection. In the tissues there is a greater chance of detoxification. The dose is obviously important since this drug is not highly trypanocidal. When a 50 mg. per kg. dose is given intraperitoneally, it must be repeated under special time conditions to give a significant result. Time is important chiefly in relation to the dose given. When 100 mg. per kg. are given intraperitoneally even 24 hours after the inoculation, a significant effect is noted. When treatment is delayed three hours, subcutaneous treatment loses its value. It is possible that the intraperitoneal route has the additional advantage of bringing the drug into immediate contact with the organism, which is also introduced in the same way. The same dose given 1/2 hour after infection is far more effective than that dose given after 24 hours. Of course, after that period of time the number of organisms has significantly increased. An observation, not obvious from table 2, is that when treatment is delayed, a syndrome of toxic symptoms appears unlike those due to the drugs themselves, probably representing a form of Herxheimer's reaction. This also appeared after repeated injections of an effective drug. The nature of this reaction was borne out by the fact that the numbers of trypanosomes in the circulating blood decreased suddenly and sharply at the time of the toxic symptoms. Repetition of an effective dose increased survival time, but even after continuous treatment for 11 days no permanent cure resulted. Trypanosomes from such treated mice were tested for increased drug resistance. No differences could be found, and no detailed study was understaken since it would have involved a long and complex study not directly concerned with the major interests of this work.
Single doses exceeding 100 mg. per kg. were significantly toxic. The only feasible approach to enhanced effect was by means of repeated administration of well-tolerated amounts.
Attempts to enhance the activity of 2-pentene-1,4-olid by means of synergistic agents produced insignificant results. Adrenal cortical extract was administered with the hope of provoking some immune response in time to provide synergism with the drug. No effect was noted. The simultaneous injection of amino acids which are synergistic in vitro, threonine and a-amino butyric acid, gave very faint, statistically insignificant results. The fact that these amino acids are metabolized rapidly made these tests inconclusive. Repeated administration might prove more efficacious.
In the cases of furfural and furfuryl alcohol large single doses provided only a prolongation of life in trypanosome-infected mice, but repeated smaller doses did provide permanent cures.
The study of furacin is summarized in table 3. From the data it can be found that the CD50 (curative dose) for subcutaneous administration of this drug is 197 mg. per kg. This is a very small proportion of the The dual culture technic did give effects which were widely different at the two temperatures for some drugs and identical for others. The specific instances will be discussed later in dealing with the drugs but it may be mentioned here that this difference was frequently independent of surface tension differences at these same two temperatures. Penicillic acid, for instance, which has significantly different surface effects at the two test temperatures, has identical trypanocidal effects. This seems to indicate that such a drug acts directly on the organisms and that the reproductive or metabolic cycles are not of cardinal importance to the mode of action.
There are several important uncontrolled variables in the trypanosome methods used in this study. The most important is the lack of standard serum source. Pooled human serum, including that of hospital patients and luetics, undoubtedly has unpredictable components. The complete failure of some batches to support growth probably indicates a significant concentration of some arsenical. Since this situation does occur occasionally to such an extent that growth is completely inhibited, it might be reasonable to consider that subinhibitory concentrations existed in some sera which did permit trypanosome growth. The possibility that such amounts might have a synergistic effect with some of the test compounds is not ruled out. This difficulty might be solved by using serum from one individual. This is obviously difficult and presents another problem. Yorke showed that the inhibitory substances in the blood of different individuals varied significantly. The other possibility is the use of animal serum, but a large animal is needed for the large numbers of tests to be done, and this cancels the benefit of working with a system related to human physiology. The In the in vivo test the major difficulty lay in assuming uniformity in the mice of different experiments. Although mice of the same age, sex, and weight were used each time, it was not possible to obtain close similiarity among trials. Since it is known that survival time of trypanosome-infected mice varies with sex and age and not significantly with weight,23 a degree of intra-experimental variation proved inevitable. This variability was increased by using death time as an end point. Since no constant watch was kept on the infected and on the treated mice, exact death times were not ascertainable, especially when mice died at night. Experiments were set up in such a way that most of the controls would die during the day. This accounted, at least in part, for the greater variance of treated mice whose average death times could not be so accurately predicted.
From the work of Chen8 previously mentioned, in which he showed the perfectly geometric progression of trypanosome growth in mice, it is difficult to understand variability in similarly infected mice. It should be noted that he used very large and very homogeneous numbers of mice and that he interpolated his curves at both ends. Morrell23 showed that the variability lay at the end of the parasitemia. That is, trypanosome counts reach a similar maximum in all the mice, but some mice live longer with this maximum than do others. The calculation of the significance of the differences in survival times takes into consideration all the total variances involved so that the probabilities recorded are conservative.
The fine curves that Chen proposed tempt one to relate the increase in survival time with the proportion of organisms destroyed. Since within the log growth period of trypanosomes in mice survival is a function of the actual numbers of organisms and since this log growth period is practically unmodified during the life of the host, the number of organisms responsible for death at a certain interval seems clearly predictable. If In the present study, as in most chemotherapeutic trials, it is difficult to tell which mechanism is enhanced by which structural change. An attempt to elucidate this problem was made by the measurement of surface tension effects. These were carried out at an air-water interface, which represents a rather generalized condition and is frequently inadequate. As It has been shown here that the ability of an agent to lower surface tension at an air-water interface does not determine the level of effect, even in hemolysis.
The relation of structure to activity in this series is in general accord with Veldstra's requirements. The active lactones are characterized by a Y or 6 ring with a carbonyl group capable of acting as a hydrogen donator. Unsaturation in either type of ring significantly increases activity. In the case of the 8 lactones, a multiple conjugated system of double bonds increases activity even more. In keeping with an earlier observation, the introduction of unsaturated linkages increases the surface tension effect.
Substituent groups which do not themselves lend activity (e.g., penicillic acid) serve almost invariably to depress it. This is in keeping with Rideal's observation that side chains depress interfacial penetrating ability.
From the nature of the structural changes, it would appear that the effects were chiefly on "approach" mechanisms. It is more difficult to understand the importance of the position of the double bond in the angelicalactones, especially since their surface effects are identical. It is possible that their power to penetrate different types of interfaces would vary. A possible indication of this is found in the greater toxicity of 2-pentene-1,4-olid over its bond isomer. That some selective property has been affected is seen in the fact that the 3-pentene-1,4-olid remains more effective against bacteria.
The importance of bond position in relation to activity is more impressive in the clavacin lactones. Although a parallel relation of activity to surface tension effect is visible in this comparison, the very great magnitude of difference suggests a more specific mechanism. Such a fifty-fold difference is reminiscent of an anomalous effect discovered by Eagle in his study of the phenylarsenoxides."2 Para-arsenophenylbutyric acid contrasts remarkably with other members of the homologous series. It is possible that this compound as well as clavacin has come upon some specific mechanism, either of enzyme inhibition or of metabolite antagonism. The variations in film penetrating activity cause relatively minor effects where a specific mechanism is encountered. It is also possible that many analogous structures have similar potentials but are. kept from the full exercise of their properties by lacking the ability to reach an optimum position. It is in this latter sense that such variations as may affect "approach" become of great importance. The in vitro difference between 2-and 3-pentene-1,4-olid, though small and probably related to penetration, is sufficient to make the essential difference of therapeutic efficacy.
Enhanced in vitro activity is not necessarily paralleled by in vivo effect. Clavacin, though it has the same order of trypanocidal activity as do the arsenicals, is quite worthless in vivo. Here enhanced activity also means greater toxicity with implied loss of specificity. The same applies to anemonine, which is far more effective than is 2-pentene-1,4-olid in vitro but does nothing to protect the infected animal. The activity of the furans similarly satisfies Veldstra's requirements. Only the unsaturated rings are active and activity increases with the hydrogen donating ability of the side chain.
Relatively low in vitro activity among the furans is sometimes complemented by permanent cures in mice. The remarkable powers of furacin, a nitro derivative, may indicate that the furans have an intrinsic and rather specific trypanocidal effect. It is to be regretted that no nitro-lactones could be obtained for comparative study.
Furacin is interesting not only because of its striking therapeutic properties but also in view of its very low toxicity. Even the furans having very little trypanocidal activity are much more toxic. This is a concrete illustration of the fact that toxicity and trypanocidal activity do not reside in the same structures and that the two activities are separable. Similarly 2. The in vitro assay was a modification of Yorke's method for cultivation of trypanosomes at 370 C. using an inactivated human blood serum base. Therapeutic trials were done in mice and the effects were calculated statistically when permanent cures were not effected.
3. Activity in the series depended on the size of the basic ring, the nature of the side chains, and the number and position of unsaturated linkages. 4 . Delta lactones were more active than gamma lactone analogs. Most side chains reduced activity. More unsaturated linkages increased activity. Three lactones had significant in vivo effect: 2-pentene-1,4-olid, penicillic, and coumalinic acids. In vivo activity did not correlate with in vitro effect.
5. Three furans were significantly active in vivo: furfural, furfuryl alcohol, and furacin. The last could cure 100 per cent of the mice with a single oral dose of low toxicity. Hydrogenated furans were inactive.
6. Nitrogen analogs were toxic and inactive in vivo. 7 . Antibacterial and toxic effects of the forty-four agents were not quantitatively related to trypanocidal activity.
